Abstract: A PID controller has been developed to improve the dimensional precision of a deposit during spray forming. Simulation has been carried out based on a dynamic neural network modeling of deposit dimension. The simulation results show that the PID controller is effective for the control of deposit dimension with short regulating time and low override. Experimental results show that the error between the actual size and the target value is very small even though a disturbance from unstable melt flow rate was introduced.
Introduction
As one of the rapid solidification technologies, spray forming has many advantages for the manufacture of high performance materials due to improved microstructures such as refined equiaxed grains, non-macrosegregation. Moreover, spray forming has an unique feature of achieving a near-net shaped product in a single operation, which leads to higher material yield, less machining allowance and reduced production cost [1] [2] [3] . Near-net shape of a deposit can be evaluated by the precision of the deposit dimension. Because spray forming process is so complicate that it is difficult to achieve high dimensional precision by manual control, therefore automatic control technology is required to be applied for this purpose. Programmable controller has been used by Z. T. Kang et al to control deposit height by adjusting the withdrawal speed of substrate in vertical direction [4] . The deficiency of this approach is evidently due to using switch control that only a few fixed control variables are calculated to drive the withdrawal movement of substrate. In this study, a PID controller has been developed to improve the dimensional precision of a deposit during spray forming. The thickness of A tubular deposit is determined as the control target, and simulation and test of closed-loop PID control has been carried out. The image processing technology used for real time accurate measurement of deposit dimension has been developed by the authors of the present paper [5] , as the basis of the present study.
Definition of Characteristic Dimensions
The diameter d1, d2, d3 and d4 at four specific positions of a tubular deposit are defined as the characteristic dimensions of the deposit, as shown in Fig.1 . The positions of these characteristic dimensions are marked with A, B, C and D, respectively. Position C is at the central line of the spray cone. The distance from position B and D to position C is both 50 mm. Position A is 110mm from position C. Herein, it should be noted that characteristic dimension d1 is sufficient for the control of deposit dimension in terms of automation technology, since position A is close to the edge of the spray core and d1 will not increase further as the substrate moves continuously to the left. Therefore, in the real spray forming process, it is only asked to control this dimension d1 at the predetermined value in order to achieve tubular deposit of uniform thickness. The other three dimensions d2, d3 and d4 are also determined as characteristic deposit dimensions because it is required by the neural network modeling of deposit dimension. To avoid confusing these definitions, the characteristic dimension cited in the following text is always d1.
Fig. 1 Characteristic dimensions of a tubular deposit

Design and Optimization of PID Controller
PID controller, including proportion (P), integration (I) and derivative (D) control action, is one of the most widely used controller in industrial process control. To realize digital control by computer, the controlled variables are transformed discretely by time. In this paper a modified PID increment algorithm has been used for the PID controller, which is described as follow:
where K p is proportion actor, T i is integration time-constant, and T d is derivative time-constant, T =1 s is sample time, e(k), e(k-1)…e(k-4) are errors of the characteristic dimension at present and historic time, ∆u(k) is increment value of controlled variable. In this study, only withdrawal speed of substrate is chosen as a controlled variable, since it is the most important processing parameter on deposit dimension. It is seen from eq.(1) that the three controller parameters should be determined for PID control.
In this paper, a multi-objective optimization Simplex algorithm is used, the optimizing result of the PID controller parameters are listed in Table1. 
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Simulation of PID Controller
Simulation of the PID controller for the three predetermined target values has been done after determination of the PID parameters by simplex algorithm. Fig.2 (a) shows the deposit dimension curve when the predetermined target value is 4.5 mm: max. overshoot 14.4%, response time 21 s and steady-state error 0.18 mm. The deposit dimension is approaching to the predetermined value after some vibration of the curve. Fig.2 (b) shows the deposit dimension curve when the target value is 5.0 mm: max-overshoot 7.27%, response time 23 s, steady-state error 0.14 mm. There is vibration in the curve too, but it only appears once. Fig.2 (c) shows the simulated curve when the predetermined value is 5.5 mm: response time 27 s, steady-state error 0.14 mm. No overshoot takes place in this case. It can be seen from the simulation results that the developed PID controller can realize the control of deposit dimension at different target values. The final deposit dimensions are approaching to the predetermined values and keep stable finally.
Fig. 2 Simulation curves of PID controller for different predetermined deposit dimensions
Closed-loop PID Control Experiment
The most frequent disturbance in spray forming process is the variation of metal flow rate that may bring significant change to the deposit dimension. In this study the disturbance of metal flow rate can be specified as follows: at the very beginning of spray forming, all the molten metal is poured rapidly into a tundish mounted above a gas atomizer assembly. Then the molten metal inside the tundish is declining gradually with the spraying process, resulting in decreasing melt flow rate due to decreasing static melt head. Therefore the disturbance of metal flow rate exists during the whole spraying process. Fig.3 (a) shows the section image of a tubular deposit made with the disturbance of feedstock. It is seen that the variation of deposit thickness undergoes two phases: ascending and descending. At the beginning of spray forming, although the disturbance exists, the depositing material just starts to accumulate so that the deposit thickness increases. With the spraying process is continuously going on, the disturbance factor becomes dominant and the metal flow rate is further decreasing, it lead to decreasing deposit thickness. During the whole spray forming process, the tubular deposit never experiences a steady-state growing phase due to the disturbance of unstable metal flow rate. Fig.3 (b) shows the section image of a tubular deposit produced with the PID closed-loop controller for the predetermined thickness value 5.5mm. The whole variation of deposit thickness comprises three phases: ascending phase, steady phase and descending phase. Compared with Fig.3  (a) , it can be seen that there exists a steady stage of deposit thickness due to the adjusting function of PID controller. This result proves the effectiveness of the PID controller. The average deposit thickness is 5.88 mm in the steady growth period, the maximum error is 0.44 mm and the RMS (root-mean-square) is 0.42 mm. PID closed-loop control experiment
Conclusions
The PID controller developed in this study implements effectively control of deposit dimension with short regulating time and low override. The disturbance such as variation of metal flow rate can be overcome based on the closed-loop PID control of the translating speed of substrate. Uniform deposit thickness and steady growth period of deposit are realized by the PID controller.
